Gravistimulation induces an asymmetric distribution of free indole-3-acetic acid (IAA) Induction of an asymmetric distribution of the plant growth hormone IAA, by a gravitational stimulus has been well documented. Using a bioassay for IAA, Dolk (4) early showed that stimulus times as short as 5 min induced the asymmetry with
Induction of an asymmetric distribution of the plant growth hormone IAA, by a gravitational stimulus has been well documented. Using a bioassay for IAA, Dolk (4) early showed that stimulus times as short as 5 min induced the asymmetry with 60% of the IAA diffusing into agar blocks from the lower half of the stimulated oat coleoptile. It is this asymmetry which, according to the Went-Cholodny hypothesis, causes asymmetric growth such that the plant 'rights' itself and regains a vertical growth pattern. Subsequent studies established that '4C-labeled IAA applied to the shoot tip, in most cases, diffused more from the lower side of the tissue. Again, the asymmetry was such that about 60% ofthe [14C]IAA diffused from the lower side and 40% from the upper (e.g. 6, 15) . Until recently, there has been no demonstration, by physicochemical analytical methods, that endogenous IAA is unequally distributed in the upper and lower side of the gravistimulated shoot. This laboratory, using GC-SIM2-MS, with 4,5,6,7-tetradeutero-IAA as internal standard (8) ,
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following a 1-h period of gravistimulation with 59% of the IAA on the lower side (2) . In those studies, the entire coleoptile tip of the growing seedling shoot of Zea mays was cut into an upper and lower half, following the period of gravistimulation. Since there are two vascular bundles, one in each lobe ofthe elliptically shaped coleoptile, these studies included cortical and vascular tissue in both the upper and lower halves. Dissection of these bundles from the coleoptile is difficult, and thus, it is not known whether the hormone asymmetry occurs in the vascular bundles, in the cortex, or in both tissues. In contrast to the coleoptile, the mesocotyl contains only one centrally placed vascular stele, and this is readily pulled out leaving a hollow cylinder of cortical cells bounded by an epidermal layer. Using this stripping technique and GC-SIM-MS or a radioimmunoassay for IAA (12, 13) , we have demonstrated that 75% of the pool of free IAA is located in the vascular stele of the mesocotyl of a Z. mays seedling, with only 25% of the pool of free IAA being in the cortex plus epidermis-referred to hereafter as 'cortex.' By contrast, 92% of the pool of esterified IAA is in the cortex with only 8% being in the stele. Earlier studies (7) had shown that free IAA is concentrated in the stele of the roots of Zea seedlings, an observation that is now extended to the shoot. Now, with knowledge of the existence of free and ester IAA pools (e.g. 1, 10) and with knowledge of the localization of free IAA in the stele (13) , it becomes important to determine whether the IAA asymmetry caused by the gravistimulus occurs in the cortex, the vascular bundles, or in both tissues since such data may show where transduction of the gravistimulus occurs. In this study we demonstrate that the gravitationally induced IAA asymmetry occurs in the cortex and that the asymmetry arises within 15 min following gravistimulation. Owing to the preponderance of free IAA in the stele, these results suggest that the hormone asymmetry originates in the stele. Assay Procedure. As harvested, the upper and lower tissue sections were dropped into beakers standing on blocks of solid CO2. When the requisite number of sections were harvested (about 1-1.5 g), the beakers were wrapped in aluminum foil, brought to the laboratory, and while still frozen, powdered and ground with sufficient acetone (about 4 ml) to make the final acetone concentration 70% after allowing for tissue water. To this homogenate was added 3.5 x 105 dpm of [3H]IAA, specific activity 22.7 Ci/mmol (e.g. 11). The resultant brei was filtered through tared paper, the residue washed with 2 ml of 70% acetone, and the paper, containing the acetone-insoluble residue, dried and weighed as an estimate of dry weight.
MATERIALS AND METHODS
The acetone extracts were then reduced in volume in vacuo to an aqueous solution (about 0.4 ml) and applied to 2.5-cm bed volume DEAE-Cl column which has previously been equilibrated with 50% ethanol:water (v/v). The column was washed with 20 ml of 50% ethanol-water, and eluted with a linear gradient of 50% ethanol-water in the mixing flask (volume = 100 ml) and 50% ethanol-water, containing 0.2 M KCI in the reservoir flask (volume = 100 ml). Elution occurred at 56 to 70 ml.
The pooled radioactive fractions were then concentrated in vacuo to an aqueous phase, acidified to pH 3 with 1 M H3PO4 (about 20 Ml), then passed through a wetted C,8 Sep Pac, (Waters Associates, Milford, MA). The Sep Pac was then washed with 1 ml of water and finally the IAA eluted with 1 ml of methanol. The methanol eluate was dried and the IAA derivatized to the pentafluorobenzyl ester, as previously described (5) , except that the sample was dissolved in 100 ul of acetonitrile:methanol, 1:1 (v/v) and derivatization was with 1 Ml of N-ethylpiperidine plus 2 Ml of a-bromopentafluorotoluene at 70°C for 45 min. The derivatized sample was dried under N2 and dissolved in 200 Al of 40% ethanol. This was applied to a reverse phase C,8 column (Whatman, Inc., Clifton, NJ). Elution was with ethanol:water, 4:6 (v/v) and occurred at 105 to 1 14 ml. The radioactive fractions were pooled, dried in vacuo, and dissolved in about 50 Ml of acetonitrile for GC.
GC was on a 1.8 m x 2 mm i.d. column of 3% SP-2250 on 80/100 Supelcoport using a Varian 2100 equipped with an electron capture detector. Injector temperature was at 250C, detector at 300C, the column temperature at 220C, and the nitrogen flow at 30 ml min-'. Under these conditions, the retention time was 8.5 min. At the same time a 4-Al sample was injected into the GC for estimation of peak area, an identical 4-Ml sample was transferred to a scintillation vial containing 5 ml of ACS scintillation fluid for determination of radioactivity.
Assay Calculations. An isotope dilution assay for IAA has been used for reasons previously discussed (8) . Owing to the minute amounts of material available (about 1 g fresh weight) and to the low free IAA content in the mesocotyl cortex (13) , a conventional mass spectrometric assay (8) 280 + 210 x 100 = 57% of the free IAA Growth and Curvature Measurements. Four-day-old seedlings were attached to a glass slide with masking tape over the kernel and the roots covered with cotton soaked in distilled H20. The growing portions of the mesocotyl and the coleoptiles were beyond the edge of the glass slide. Immediately after placing the slide horizontally inside a moist chamber kept in a dark incubator, a transducer arm was placed either on the tip of the coleoptile or on the uppermost part of the mesocotyl just below the coleoptile node. The output from the angular position transducer (Metripak, Gould Inc., Cleveland, OH) was recorded on a Gould dual-pen strip-chart recorder, and the rate of curvature was calculated from the recorder tracings (3) .
Seedlings attached to glass slides, as described above, were also photographed after horizontal placement. The incubation chamber was kept dark except during film exposure when a green safelight was used. Photographs were made with a 35-mm camera attached to an intervalometer for time lapse exposures at 10-, 15-, or 30-min intervals. Prior to photographing, the seedlings were marked at regular intervals with India ink to distinguish the various locations along the seedling axis. Measurements were also made from the photographic prints to calculate curvaturegrowth rates, and to locate the regions involved in growth and autotropic corrections. RESULTS A summary of the changes in free IAA content of the upper and lower halves of the mesocotyl cortex following 0, 15, 30, and 90 min of gravistimulation is presented in Table I . As can be seen, there is no difference in the left and right halves of the 0-h control. The full asymmetry of about 56% on the lower side is seen at the shortest stimulus time tested-that is, at 15 min. The 13 experiments were done at a rate of one per week and, as previously experienced (8), there is considerable variation in free IAA content from week to week.
The course of curvature in a seedling is shown in Figure 1 3 mature tissue that is incapable of responding to gravitational stimulation. It is of interest to note that growth is basipetal in the coleoptile region and acropetal in the mesocotyl region. For example, in a 4.5-cm seedling, the region of 0 to 5 mm, above the node, increases to 15 mm in 48 h, whereas the region 5 to 10 mm above the node (just below the coleoptile tip) grows to a length of 22 mm. By contrast, the region 0 to 5 mm below the node grows to 46 mm, whereas the more basal part of the mesocotyl, 5 to 10 mm below the node, increases only to 6 mm. Thus, the tissue capable of gravitropic bending in the mesocotyl occurs immediately below the coleoptile node where most growth activity is present.
The initial curvature response of the shoot is shown in Figure  2 . When the transducer arm is placed just below the coleoptile tip, the response can be detected as early as 2 min after gravistimulation. By placing the arm 1 mm below the coleoptile node, the response of the mesocotyl can be monitored. The earliest response detected was about 3 min after gravistimulation. It should be emphasized that, when the transducer arm is at the tip of the coleoptile, overall curvature response of the shoot is being measured, including that of the mesocotyl. Figure 3 shows a summary of the rate of curvature of the mesocotyl, together with the rate of curvature of the entire shoot. Data are expressed as degreesh-'. As can be seen, there is again a 3-min lag in the initiation of curvature in the mesocotyl, whereas the tip of the coleoptile is already curving at that time. By about 15 min, the rate of curvature is 10°/h for the entire shoot, and 2°/h for the mesocotyl alone. The maximum rate of curvature of 300 (mesocotyl) or 500 (whole shoot)/h is not reached until almost 60 to 90 min after gravistimulation.
In addition, Figure 3 shows a summary of the distribution of free IAA in the mesocotyl cortex. The full asymmetry of IAA distribution is reached in 15 min-the shortest time period tested, and the asymmetry continues after the rate of curvature of the mesocotyl begins to decline. In studies of the amount of IAA in the cortex and stele of corn mesocotyl, we found 4 pmol -plant-' of free IAA in the cortex and 11 pmol plant-' of free IAA in the stele (13) . Following gravistimulation, some 57% of the IAA was in the lower side of the tissue and 43% in the upper tissue (2, 8 , and this paper). If no asymmetry developed in the upper and lower stele of the coleoptile, then the cortex would have to develop a 75:25 asymmetry to yield the IAA distribution observed in our previous studies (2, 8) . We have never observed so large an asymmetry. Thus, we predict that the hormone asymmetry must also occur in the vascular stele and thus, may have originated there.
DISCUSSION
This conclusion is preliminary and is based on data extrapolated from mesocotyl tissue to coleoptile tissue. Nonetheless, the calculations indicate that it may be possible to localize the site of gravity transduction, and possibly also, the site of gravity perception.
Following completion of this manuscript, the work of Mertens and Weiler (9) appeared. Using a radioimmunoassay, they observe a similar IAA asymmetry in Z. mays coleoptile tips but no asymmetry in Helianthus or Vicia faba. Their methods will require more verification (12) but possibly turnover of IAA and not content will be a growth determinant.
